The purpose of this study was to clarify the effects of dietary protein levels on protein nutritional status in rats kept under constant darkness. Thirty-six 4-wk-old female rats (F344 strain) were divided into six groups. Each group was given a diet with one of three different protein levels and kept under normal light and dark cycles (7:00-19:00 light period/19:00-7:00 dark period, N group) or under constant darkness (D group) for 4 wk. The protein levels of the diets were 10%, 20%, and 30% casein. The six groups are referred to as the N10%, N20%, N30%, D10%, D20%, and D30% groups. Body weight gain was low in the D groups, and that in the D30% group was much lower than that in the N30% group. The D30% group retained less nitrogen than the N30% group. As for the amount of urinary nitrogen excreted every 4 h, the values for the D-groups were higher than those for the N-groups in the 11:00-15:00 periods, and that for the D30% group was higher than that for the N30% group in the 15:00-19:00 periods, which means that protein catabolism was higher in the D30% group. It was shown that when rats kept under constant darkness were fed a high-protein diet for 4 wk, their nitrogen retention decreased and their protein nutritional state dropped.
The approximately 24-h biological clocks in mammals are modulated by environmental cycles, such as light signals (1) and mealtimes (2) . The biological clock of rats is on a 24.3-to 24.6-h cycle (3) , and it is reset to the 24-h light/dark cycle when lighting information enters a suprachiasmatic nucleus (SCN).
When rats are kept under constant darkness (that is, as a 24-h activity period for nocturnal animals), they begin to act according to the cycle of their internal biological clock (free-run) (3) (4) (5) . Under constant darkness, the rhythm of running-wheel activity in rats shows phase delays (6) .
It was reported that rats kept under constant darkness showed the following changes: an altered rhythm of secretions of vasoactive intestinal polypeptide and gastrin-releasing peptide (7) , an altered oxidative metabolism of dehydroepiandrosterone (8) , a reduced FSH secretion (9) , and a depressed behavioral phenotype (10) . We reported that constant darkness depressed sexual organ development in rats fed a low-protein diet (11, 12) , induced a low serum HDL-cholesterol concentration in rats fed a high-fat and high-sucrose diet (13) , and changed the effects of dietary magnesium and sodium on calcium absorption in rats (14) .
Protein is important for the growth and functional maintenance of organs and cells. It was reported that differences in dietary protein levels influenced the nitrogen balance and body weight gain in growing rats (15) (16) (17) (18) (19) .
However, the nutritional status of rats kept under constant darkness, specifically related to their protein intake, has not been examined. In this study we used the balance test, which is a basic nutritional experimental method, to examine whether the influence of dietary protein levels on nitrogen absorption and retention differed under different lighting conditions.
In the AIN-93G diet, the standard experimental diet for laboratory animals, the casein content is 20%, representing the amount of protein that induces maximum growth in growing rats (20) . In the present experiment, we used three dietary casein levels: a low level (10%), the normal level (20%), and a high level (30%). Since there was a lack of experimental data on female rats, in this experiment we decided to use and to accumulate results on female rats.
METHODS

Animals.
Thirty-six Fischer strain (F344) female rats (purchased from Charles River Japan, Inc., Yokohama, Japan, at 3 wk of age) were preliminarily maintained for 5 d on the AIN-93G diet (20) . The rats were then divided into six experimental groups, each of which received one of three diets under one of two lighting conditions. No differences were found in the mean body weights among animals from any of these groups. The rats were kept under normal lighting (12-h light/dark cycle, 7:00-19:00 light period, N-groups) or constant darkness (D-groups) for 4 wk. Food intake and body weight were recorded every other day. The care of the rats kept under constant darkness included the lighting of a red E-mail: hanai@bio.kanagawa-it.ac.jp lamp for about 2 h; such lighting has been demonstrated not to cause a phase variation in circadian rhythms. The rats were housed in individual, stainless steel, wiremesh-bottomed cages at 2261˚C and 5565% humidity, in a room free from specific pathogens.
This study was conducted in accordance with the guidelines established by the Japanese Society of Nutrition and Food Science, and the experimental protocol was approved by the Institutional Animal Care and Use Committee of Kanagawa Institute of Technology (approval number: 0072).
Diets. Three experimental diets were prepared (Table  1) . There were three dietary protein levels (10%, 20%, and 30% casein), and the other dietary components were based on the AIN-93G diet (20) . The mineral mixture was prepared without calcium or phosphorus, and monopotassium phosphate was added to the diets to adjust the amount of phosphorus that the casein levels increased or decreased. In addition, tripotassium citrate was added to the diet to adjust the amount of dietary potassium. The dietary ingredients were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan) and Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The experimental diets and distilled water were provided to the rats ad libitum. The rats' food intake, body weight gain, and food efficiency were calculated during the experimental period. Food efficiency was obtained by dividing food intake by body weight gain.
Nitrogen balance. The apparent nitrogen absorption and retention experiment was conducted for 4 d, from the 21st to the 25th days of the experiment. The details of the method were reported previously (21) .
Measurement of the amount of food intake every 4 h and collection of urine every 4 h. After the nitrogen balance experiment, that is, from the 25th to the 26th days, food intake was measured every 4 h, and urine was collected every 4 h for 24 h (19:00-19:00).
Analysis. After 4 wk of treatment, the rats were anesthetized with isoflurane, and then the liver, kidney, and spleen were collected. Urinary, fecal, and dietary nitrogen were measured by the micro-Kjeldahl method (22) .
To quantify the urinary nitrogen excreted every 4 h, urinary urea was measured using the QuantiChrom Urea Assay kit (Funakoshi Co., Tokyo, Japan), and urinary creatinine was measured using the LabAssay™ Creatinine kit (Wako Pure Chemical Industries). The urinary urea was indicated by the ratio of urea to creatinine. Statistical analysis. The results of the experiments were analyzed by two-way analysis of variance (ANOVA) using two factors: lighting condition and dietary protein level. The Tukey honestly significant difference (HSD) test was then conducted as a multiple comparison test, using EZR (Saitama Medical Center, Jichi Medical University), which is a graphical user interface for R (The R Foundation for Statistical Computing, version 1.23), when there was an effect of dietary protein levels or an interaction between lighting condition and dietary protein level (23) . Differences among mean values were considered significant at p,0.05.
RESULTS AND DISCUSSION
Food intake rhythm on the 25th-26th days of the experiment
The amounts of food intake over every 4-h period for 24 h are shown in Fig. 1 . In the N-groups, food intake increased in the dark period (19:00-7:00) and decreased rapidly with the beginning of the light period (7:00-11:00). On the other hand, in the D-groups, food intake decreased rapidly from 11:00-15:00, 4 h later than in the N-groups. The cycle of the rat biological clock is longer than 24 h (3). It was confirmed that the rat biological clock was in free-run because they were kept under constant darkness.
Body weight gain, total food intake, and food efficiency
Body weight gain was not affected by the dietary protein levels, but was lower in the D-groups than in the N-groups (Table 2) . Food intake was low in the 30% casein groups, and food efficiency was low in both the 10% casein groups and the D-groups.
The effects of dietary protein levels on body weight, food intake, and food efficiency have differed depending on the protein level, the subjects' age and sex, and the experimental period (15) (16) (17) (18) (19) .
Morishita and Takase reported that when a 10%, 20%, or 30% casein diet was given to male Wistar strain, followed by weaning of the rats (body weight of ~35 g) and adult rats (~180 g) for 10 d, the 10% casein diet decreased the body weight of weaning rats but not that of adult rats (15) . In addition, Tirapegui et al. reported that when a 14% or 31% casein diet was given to weaning Wistar rats for 3 wk, there was no difference in body weight gain between the two diets (16). Moreover, Du et al. reported that when several low levels of casein diets (ranging from 2% to 20% casein) were given to male Sprague-Dawley (SD) rats (body weight of ~180 g), the under 8% casein diets decreased the body weight compared with the 20% casein diet (17) . In the present study, we used female Fischer strain rats; female rats are smaller than males and Fischer strain rats are smaller than SD and Wistar rats, so that the growth speed of female Fischer rats was slow and the protein requirement for growth was low. Therefore, it was thought that the 10% casein diet did not influence body weight gain in the present study.
It was reported that a high-protein diet (ranging from 45% to 83% casein) decreased food intake and inhibited Effect of lighting condition, normal lighting or constant darkness. 4 Effect of protein levels.
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Not significant, p-value is higher than 0.05. 6 Results of multiple comparison test of protein levels, 10%, 20% and 30%. B means significantly different between 10% and 30%. C means significantly different between 20% and 30%.
body weight gain in rats (18, 19) . The 30% casein level used in the present study is not high enough to reduce body weight, although food intake decreases at this level. Although body weight gain was inhibited by constant darkness, this inhibition was caused by a decline in food efficiency, not by a decline in food intake. Cons and Timiras reported that constant darkness tended to lower body weight in young rats (9) , and other groups reported that constant darkness either did not change or increased body weight in adult rats (8, 10) . The body weight gain of rats kept under constant darkness thus appears to depend on the age of the rats. Since we used young rats in the present study, our results support those of Cons and Timiras (9) .
It was reported that constant darkness induced changes in the daily rhythm of activity in rodents (5, 6) but did not change the amount of daily activity (5). We did not measure the rats' activity in the present study, but the previous results, in which constant darkness did not change the amount of activity, indicate that the low food efficiency of the rats kept under constant darkness was not related to any increase in activity.
Liver, kidney, and spleen weights
The relative liver, kidney, and spleen weights were low in the D-groups and in the low-protein-diet groups (Table 3) .
Buts and Nyakabasa reported that an 8% casein diet decreased the liver, stomach, and intestinal weights of 35-d-old rats compared to those of rats fed a 27% casein diet, and the DNA synthesis rate and protein/DNA ratio were markedly depressed in the livers of rats fed an 8% casein diet (24) . This result supported our results which showed a low liver weight in rats fed the 10% casein diet. On the other hand, Simek et al. reported increased relative liver weight, total liver DNA content, and hepatocyte volume, but smaller nuclei in rats a high (60%)-protein diet for 3 wk (25) . This means the enlargement of the liver was induced by the high-protein diet. In the present experiment, the high-protein diet had a 30% casein level, lower than that used by Simek et al. But there is a possibility that the 30% casein diet in the present experiment induced the enlargement of the liver.
It was reported that constant darkness increased the absolute liver weights of adult male rats (8) and decreased the absolute ovary and pituitary weights of young female rats (9) . We previously reported that constant darkness decreased relative gonadal organ and liver weights but did not change relative kidney and spleen weights in young male rats (13) . It thus seems that the influence of constant darkness on organ growth under constant darkness differs by sex and age.
Nitrogen balance
Nitrogen retention is affected by the dietary protein level, age, and experimental period (15, 26) . Morishita and Takase reported that the nitrogen retention of weaning rats given a 10%, 20%, or 30% casein diet depended on the casein levels, but the nitrogen retention of adult rats was significantly lower in the 10% casein diet group than in the 20% and 30% casein diets (15) . In the present experiments, the 10%, 20%, and 30% casein diets Effect of protein levels. 4 Not significant, p-value is higher than 0.05. 5 Results of multiple comparison test of protein levels, 10%, 20% and 30%. A means significantly different between 10% and 20%. B means significantly different between 10% and 30%.
C means significantly different between 20% and 30%. did not have any significantly different effects on nitrogen retention in the N-groups (Table 4) . We conducted the nitrogen balance test from the 21st to 25th days of the experiment, whereas Morishita and Takase conducted it at the 8th to 9th days of their experiment. The adaptation to a change in dietary protein level needs at least 8 to 10 d (26) . We suspect that an 8-to 10-d measurement time point is not late enough to show adaptation to low-protein diets.
On the other hand, the retention (mg/d) in the D30% group was lower than that in the N30% group (Table 4) . However, there were no differences between the N10% group and the D10% group or between the N20% group and the D20% group.
Moreover, the urinary urea/creatinine ratio was higher in the D-groups than in the N-groups in the 11:00-15:00 periods ( Table 5 ). The urinary urea/creatinine ratio of the D30% group was also higher than that of the N30% group in the 15:00-19:00 periods. The 11:00-15:00 and 15:00-19:00 periods are rest periods for the N-groups. These results showed that protein catabolism was induced in the D-groups, especially the D30% group.
It was reported that protein catabolism in rats was high in a dark period, which was an active period (27) . This suggested that the inhibition of protein anabolism or the promotion of protein catabolism was induced by the change in the active period that occurred when rats were kept under constant darkness.
Insulin, growth hormone, androgen, and insulin-like growth factor 1 are known to be protein anabolic hormones. Glucocorticoid and thyroid hormone are known to be protein catabolic hormones (28) . It was reported that the secretion of glucocorticoid was high in the early stage of the active period, and this secretion rhythm was changed by changes in the food intake rhythm (29) . The present study could not measure the rhythm of hormone secretion. However, the food intake rhythm was that of a free run by maintaining the rats under constant darkness, and the urinary urea/creatinine ratio increased from 11:00 to 19:00. This suggested that the secretion of hormones related to protein catabolism increased in the period from 11:00 to 19:00, and the protein catabolism was then accelerated by keeping the rats under constant darkness.
It was suggested also that the results of decreased nitrogen retention in the D groups induced the decreases in body weight gain, and the relative weights of liver, kidney and spleen.
As a next step, we will focus on the 30% casein diet, which affects the protein nutrition status of rats kept under constant darkness, and we will measure the secretion rhythms of hormones related to protein catabolism and anabolism in order to clarify the mechanism underlying changes in the protein nutrition status in rats kept under constant darkness.
The results of this study showed that a high-protein diet, i.e., the 30% casein diet, induced a decrease in nitrogen retention and a decrease in protein nutrition status under an environment of constant darkness, in which no information about the light/dark cycle is available.
